Epithelial-mesenchymal transition (EMT) of peritoneal mesothelial cells (PMCs) has a role in the process of peritoneal fibrosis (PF), a serious complication in peritoneal dialysis (PD) patients. Even though monocyte chemoattractant protein-1 (MCP-1) was demonstrated to directly increase extracellular matrix (ECM) synthesis, the role of the MCP-1/CCR2 system in PD-related EMT and ECM synthesis in cultured human PMCs (HPMCs) and in an animal model of PD has never been elucidated. In vitro, HPMCs were exposed to 5.6 mM glucose (NG), NG þ MCP-1 (10 ng/ml) (NG þ MCP-1), or 100 mM glucose (HG) with or without CCR2 inhibitor (RS102895) (CCR2i) or a dominant-negative mutant MCP-1-expressing lentivirus (LV-mMCP-1). In vivo, PD catheters were inserted into 60 Sprague-Dawley rats, and saline (Control, C) (N ¼ 30) or 4.25% PD solution (PD) (N ¼ 30) was infused for 4 weeks. Twenty rats from each group were treated with empty LV or LVmMCP-1 intraperitoneally. Snail, E-cadherin, a-smooth muscle actin (a-SMA), and fibronectin protein expression in HPMCs and the peritoneum was evaluated by western blot analysis. Compared with NG cells, Snail, a-SMA, and fibronectin expression was significantly increased, while E-cadherin expression was significantly decreased in HPMCs exposed to HG and NG þ MCP-1, and these changes were significantly abrogated by CCR2i (Po0.05). In addition, MCP-1-induced EMT was significantly attenuated by anti-TGF-b1 antibody. In PD rats, Snail and fibronectin expression was significantly increased in the peritoneum, whereas the ratios of E-cadherin/a-SMA protein expression were significantly decreased (Po0.05). The thickness of the peritoneum and the intensity of Masson's trichrome staining in the peritoneum were also significantly higher in PD rats than in C rats (Po0.05). These changes in PD rats were significantly abrogated by LV-mMCP-1. These findings suggest that the MCP-1/CCR2 system is directly involved in PD-related EMT and ECM synthesis and that this is mediated, at least in part, via TGF-b1.
Continuous ambulatory peritoneal dialysis (CAPD) has been used as a renal replacement therapy in end-stage renal disease (ESRD) patients, along with hemodialysis. 1 However, after long-term treatment with CAPD, ultrafiltration failure and reduced small solute clearance due to peritoneal fibrosis (PF) lead to inadequacy or even termination of PD in some patients. 2 Therefore, there is an imperative necessity for the understanding of the molecular pathogenesis of PF and the identification of targets for effective therapy to prevent PF.
PF is pathologically characterized by a denudation of mesothelial cells from the peritoneum, an increase in capillary number, and submesothelial deposition of extracellular matrix (ECM). 3 In the past, resident stromal fibroblasts and inflammatory cells were considered to be the principle cells responsible for PF, but accumulating evidence has suggested that peritoneal mesothelial cells (PMCs) also contribute to the development of peritoneal structural changes in CAPD patients through epithelial-mesenchymal transition (EMT). 4 EMT is a biologic process that allows a polarized epithelial cell, which normally interacts with basement membrane via its basal surface, to undergo multiple biochemical changes that enable it to assume a mesenchymal cell phenotype, which includes enhanced migratory capacity, invasiveness, elevated resistance to apoptosis, and greatly increased production of ECM components. 5 The EMT starts with the dissociation of intercellular junctions, as a result of downregulation of adhesion molecules such as E-cadherin through the induction of the transcriptional repressor Snail. Then, the cells adopt a front-back polarity, as a result of cytoskeleton reorganization, and acquire a-smooth muscle actin (a-SMA) expression and increased migratory capacity. In the latest stages of EMT, the cells acquire the capacity to degrade the basement membrane, to invade the fibrotic stroma, and to produce ECM components such as fibronectin and collagen. 5, 6 Numerous previous studies have demonstrated that EMT is involved in a variety of normal physiologic processes, including embryo implantation, embryogenesis, and organ development, as well as pathologic processes such as cancer metastasis and fibrotic disorders. 5 In addition, mounting evidence has indicated that TGF-b1 is a master inducer of EMT of various cells including PMCs. Myofibroblastic conversion was observed in cultured human PMCs (HPMCs) exposed to TGF-b1, 7 and transition of mesothelial cells and appearance of epithelial cells in the submesothelial zone were demonstrated in the peritoneum of rats after intraperitoneal injection of an adenovirus vector that transfers active TGF-b1. 8 Monocytes/macrophages are the principle cells found at sites of inflammation. These cells extravasate from the bloodstream through a process mediated by chemokines secreted from resident cells. Chemokines are a family of chemotactic cytokines that induce the migration of various cell types; to date, 440 chemokines have been identified. 9 Among these, monocyte chemoattractant protein (MCP)-1 is the most extensively studied. MCP-1 has been shown to have an important role in the pathogenesis of various inflammatory and fibrotic diseases, including diabetic nephropathy, 10 renal fibrosis, 11 and cardiac fibrosis. 12 MCP-1 has also been suggested to have a functional role in the initiation and progression of PF via the recruitment and activation of monocytes/macrophages, which are known to release profibrotic cytokines such as TGF-b1 and fibroblast growth factor, which in turn modifies the biology of resident cells. 13 Recently, however, the direct involvement of the MCP-1/CCR2 system has been demonstrated in numerous pathological conditions. [14] [15] [16] In addition, several recent studies have shown that there may be an intrinsic regulatory loop between MCP-1 and TGF-b1. [17] [18] [19] [20] [21] [22] To our knowledge, however, no study has investigated if there is a direct association between the MCP-1/ CCR2 system and TGF-b1 in PMCs. Moreover, the direct effect of MCP-1 on EMT and ECM synthesis has never been elucidated in these cells. In this study, therefore, we investigated the effect of MCP-1 on EMT and fibronectin expression in cultured HPMCs and whether high glucose increased MCP-1 production, which in turn stimulated TGFb1-induced EMT, in these cells. The effects of MCP-1/CCR2 inhibition on EMT and PF were also examined in an animal model of PD.
MATERIALS AND METHODS Isolation of HPMCs
HPMCs were isolated according to the method described by Stylianou et al. 23 Briefly, a piece of human omentum, obtained from consenting patients who underwent elective abdominal surgery, was washed three times with sterile phosphate-buffered saline (PBS) and incubated in 0.05% trypsin-0.02% EDTA solution for 20 min at 37 1C with continuous shaking. After incubation, the suspension containing free HPMCs was centrifuged at 100 g for 10 min at 4 1C. The cell pellet was then washed once and resuspended in M199 medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 26 mM NaHCO 3 , and seeded onto culture dishes. In this study, a total of four different patients' HPMCs were used and all these four different sets of HPMCs showed similar responses.
Inhibition of the MCP-1/CCR2 System In this study, two different methods were utilized to inhibit the MCP-1/CCR2 system in HPMCs, a specific chemical inhibitor of CCR2 (RS102895) (Sigma Chemical Co., St Louis, MO, USA) and mutant MCP-1 (mMCP-1), which we used to competitively inhibit native MCP-1 action. The mMCP-1 gene was constructed by recombinant PCR using wild-type human MCP-1 cDNA from HPMCs as a template, and the mMCP-1 amplicon was then cloned into the BamHI (5 0 ) and XhoI (3 0 ) sites of the eukaryotic expression vector plasmid cDNA3 (Invitrogen, Carlsbad, CA, USA) as previously described. 24 Generation of mMCP-1-Expressing Lentivirus Human embryonic kidney (HEK) 293FT cells (Invitrogen) were transfected with the expression vector and two helper plasmids, namely packaging plasmid pCMV D8.9 and vesicular stomatitis virus G protein plasmid, at 1, 7.5, and 5.5 mg of DNA per 150 mm plate, using the calcium phosphate method. After 72 h, supernatants from four plates were pooled, centrifuged at 780 g for 5 min, and filtered through a 0.45-mm pore size filter. Next, centrifugation was performed at 83 000 g for 1.5 h, and the resulting pellet was resuspended in 100 ml of PBS. Lentivirus titers were determined by transfecting HEK 293T cells with a dilution series of the viral suspension, and lentivirus samples with a titer of 4 Â 10 8 transfection units/ml were stored at À 80 1C.
The aforementioned mMCP-1 construct was cloned into the lentiviral transfer vector FCK-Halo-GFP (Addgene, Cambridge, MA, USA) using NheI/AgeI to create a mMCP-1 lentivirus vector.
HPMC Experiments
Subconfluent HPMCs were serum restricted for 24 h, and the medium was then changed to serum-free M199 medium containing normal glucose (5.6 mM, NG), NG þ mannitol (94.4 mM, NG þ M), or high glucose (100 mM, HG) with or without CCR2 inhibitor (1-10 mM RS102895) and TGF-b1 neutralizing antibody (25 mg/ml). HPMCs were also exposed to medium containing recombinant human MCP-1 (10 ng/ml) or TGF-b1 (2 ng/ml) (R&D Systems, Minneapolis, MN, USA) with or without TGF-b1 neutralizing antibody and CCR2 inhibitor, respectively. For lentiviral transfection, 0.7 ml of the lentivirus suspension containing a variable amount of mMCP-1 (final concentrations: 0.5 and 1.0 mg/ml) was added to cultured HPMCs. After 48 h, the medium was changed to routine culture medium and HPMCs were cultured for an additional 3 days. After serum restriction for 24 h, transfected HPMCs were exposed to NG or NG þ MCP-1 media. At 72 h after the media change, cells were harvested and conditioned media were collected. The doses of MCP-1 and TGF-b1 used in the experiments were determined based on the results of preliminary experiments.
Animal Studies
All animal studies were conducted under an approved protocol. Peritoneal access ports were inserted in 60 male Sprague-Dawley rats weighing 250-280 g, and 2 ml of saline with 1 IU/ml heparin was instilled intraperitoneally until wound healing. One week after surgery, 30 rats received a daily (once per day) 20 ml of saline instillation and 30 rats were instilled daily with 20 ml of standard PD fluid (Dianeal PD-2 peritoneal dialysis solution with 4.25% dextrose, pH 5.2, Baxter Healthcare Ltd., Singapore) for 4 weeks. Twenty rats from each group were treated with empty lentivirus vector (LV-empty) or lentivirus vector containing mMCP-1 (LV-mMCP-1) intraperitoneally via the peritoneal access port at a dose of 4 Â 10 8 transfection units every 5 days three times, while ten rats in each group were left untreated (C, PD). After 4 weeks of PD, dialysate in the abdominal cavity was collected, and then the abdomen was opened by a midline incision and the entire anterior abdominal wall was removed at the contralateral side to the tip of the implanted catheter. One fifth of the whole tissue adjacent to the liver was fixed in 10% neutral-buffered formalin for pathologic examination, while the parietal peritoneum dissected from the major part of the tissue was washed in ice-cold PBS, snap-frozen in liquid nitrogen, pulverized with a mortar and pestle while frozen, and suspended in SDS sample buffer (2% SDS, 10 mM Tris-HCl, pH 6.8, 10% (vol/vol) glycerol). After a centrifugation at 16 000 g for 15 min at 4 1C, the supernatant was kept at À 80 1C until use.
ELISA
The levels of MCP-1 and TGF-b1 in conditioned media and dialysate were determined using commercial ELISA kits (R&D Systems) according to manufacturer's protocols as previously described. 17 The kits for human MCP-1 were species specific and sensitive up to 5.0 pg/ml. The minimum sensitivity for human TGF-b1 of the kit used in this study was 4.6 pg/ml.
Western Blot Analysis
The protein expression of MCP-1, CCR2, Snail, E-cadherin, a-SMA, and fibronectin in HPMCs and peritoneal tissue was evaluated by western blot as previously described. 18 The band densities were measured using TINA image software (Raytest, Straubenhardt, Germany), and the changes in the optical densities of bands from the treated groups relative to NG cells or C peritoneum were used in the analysis.
Immunohistochemistry and Masson's Trichrome Staining
The peritoneum samples were fixed in 10% neutral-buffered formalin, processed in the standard manner, and 5 mm-thick sections of paraffin-embedded tissues were utilized for immunohistochemical staining. Slides were deparaffinized, hydrated in ethyl alcohol, and washed in tap water. Antigen retrieval was carried out in 10 mM sodium citrate buffer for 20 min using a Black & Decker vegetable steamer. Primary antibodies for E-cadherin, a-SMA, and fibronectin were diluted to the appropriate concentrations with 2% casein in bovine serum albumin and then added to the slides, followed by an overnight incubation at 4 1C. After washing, a secondary antibody was added for 20 min, and the slides were washed and incubated with a tertiary PAP complex for 20 min. Diaminobenzidine was added for 2 min and the slides were counterstained with hematoxylin. Masson's trichrome staining was also performed. A semiquantitative score of staining intensity was determined by examining at least five fields of the peritoneum in each section under Â 400 magnification and by digital image analysis (MetaMorph version 4.6r5; Universal Imaging Corp., Downingtown, PA, USA). The score was obtained by multiplying the intensity staining (0-4 þ ) by the percentage of observed area staining for that intensity and these numbers were then added for each experimental animal to give the staining score; S (intensity of staining) Â (% of observed area with that intensity) ¼ staining score. The scores form C rats were assigned a relative value of 100. The thickness of peritoneum, which was defined as the tissue between the mesothelial surface and the underlying muscle or parenchyma, was assessed as previously described. 25 Briefly, the maximal thickness of the peritoneum was measured in three Masson's trichrome-stained tissue sections per rats and five fields, the center of which included the area of maximal thickness, were examined under Â 400 magnification. Areas and perimeter lengths of the peritoneum were obtained from drawn outlines and the average thickness was calculated from rectangular approximation based on the values for area and perimeter in each field of view.
Statistical Analysis
All values are expressed as means±standard errors of the mean (s.e.m.). Statistical analyses were performed using the statistical package SPSS for Windows Ver. 11.0 (SPSS, Inc., Chicago, IL, USA). Results were analyzed using one-way ANOVA with a post hoc Bonferonni's test for multiple comparisons. P-values o0.05 were considered statistically significant.
RESULTS
The MCP-1/CCR2 System is Involved in HG-Induced EMT and Fibronectin Expression in HPMCs In this study, to first elucidate the presence of CCR2 in HPMCs, western blot for CCR2 protein was performed. As seen in Figure 1a , CCR2 protein expression was demonstrated in cultured HPMCs and its expression was not significantly changed by HG. Second, we examined whether the MCP-1/CCR2 system was involved in EMT and fibronectin expression in HPMCs. To determine the dose of MCP-1 for all subsequent in vitro experiments, HPMCs were cultured under NG media containing various concentrations of MCP-1. Snail protein expression started to be increased by 5.0 ng/ml MCP-1 and was significantly increased in HPMCs exposed to MCP-1 at a dose higher than 10.0 ng/ml. However, there was no significant difference in Snail protein expression between HPMCs exposed to 10 and 20 ng/ml MCP-1 (Po0.05) (Figure 1b) . The administration of 10 ng/ml MCP-1 also significantly increased the protein expression of a-SMA and fibronectin in HPMCs and significantly decreased E-cadherin protein expression (Po0.01), and these changes were significantly attenuated by blocking CCR2 with 10 mM RS102895 (Po0.01), suggesting that MCP-1 directly induces EMT and fibronectin expression in HPMCs via CCR2 (Figure 2a) . Next, the role of the MCP-1/ CCR2 system in HG-induced EMT and fibronectin expression was evaluated in HPMCs. Snail and fibronectin protein expression was significantly higher (Po0.01 or Po0.05) and the ratios of E-cadherin/a-SMA were significantly lower (Po0.005) in HPMCs cultured under HG conditions than in NG cells, and these changes were significantly abrogated by CCR2 inhibitor treatment (Po0.01 or Po0.05) (Figure 2a ). In addition, the proportion of fibroblast-like phenotypic cells was significantly higher in MCP-1-and HG-treated HPMCs, and these changes were significantly inhibited by CCR2 inhibitor (Figure 2b ). These findings suggested that HG-induced EMT and fibronectin expression was mediated by the MCP-1/CCR2 system. On the other hand, mannitol used as an osmotic control had no effect on EMT and fibronectin Figure 1 (a) CCR2 protein expression in HPMCs exposed to 5.6 mM glucose (NG), NG þ 94.4 mM mannitol (NG þ M), or 100 mM glucose (HG) (a representative of four western blots). CCR2 protein expression was demonstrated in cultured HPMCs and its expression was not significantly changed by HG. (b) Snail protein expression exposed to various concentrations of MCP-1 (0.5-20.0 ng/ml) (a representative of four western blots). Snail protein expression started to be increased by 5.0 ng/ml MCP-1 and was significantly increased in HPMCs exposed to MCP-1 at a dose higher than 10.0 ng/ml. However, there was no significant difference in Snail protein expression between HPMCs exposed to 10 and 20 ng/ml MCP-1. *Po0.05 vs NG. expression in HPMCs (Figures 1 and 2a, b) . Finally, to determine whether mMCP-1-expressing lentivirus could inhibit the effect of MCP-1 in HPMCs, EMT and fibronectin expression was elucidated in MCP-1-treated HPMCs transfected with LV-mMCP-1 or LV-empty. The significant increase in the expression of Snail, a-SMA, and fibronectin and the significant decrease in E-cadherin protein expression in HPMCs treated with MCP-1 were significantly ameliorated by LV-mMCP-1 (Po0.01 or Po0.05). However, LV-empty had no effect on Snail, E-cadherin, a-SMA, and fibronectin protein expression in HPMCs (Figure 2c ). These findings implied that mMCP-1-expressing lentivirus effectively inhibited the action of MCP-1 on EMT and fibronectin expression in HPMCs.
The TGF-b1 System is Involved in HG-Induced MCP-1 levels, EMT, and Fibronectin Expression in HPMCs To clarify whether HG increased MCP-1 expression, MCP-1 levels were determined in culture conditioned media by ELISA. As seen in Figure 3a , the concentrations of MCP-1 in TGF-b1-and HG-conditioned media were significantly higher than those in NG media (Po0.01), and these increases in MCP-1 levels were significantly ameliorated by the addition of anti-TGF-b1 antibody (Po0.01 or Po0.05). In addition, the increases in Snail and fibronectin protein expression and the decrease in the ratios of E-cadherin/a-SMA in HG-treated HPMCs were significantly ameliorated by 25 mg/ml TGF-b1 neutralizing antibody (Po0.01 or Po0.05) (Figure 3b ). These findings implied that HG induced MCP-1, EMT, and fibronectin expression in HPMCs via the TGF-b1 system. On the other hand, there was no significant change in MCP-1 levels in mannitol-conditioned media (Figure 3a) .
The MCP-1/CCR2 System is Involved in HG-Induced TGF-b1 Levels Since TGF-b1 is the best-characterized cytokine implicated in the process of EMT, we attempted to elucidate whether the MCP-1/CCR2 system was involved in HG-induced TGF-b1 levels. First, the direct effect of MCP-1 on TGF-b1 concentrations was explored. The administration of 10 ng/ml MCP-1 significantly increased the levels of TGF-b1 in conditioned media (Po0.05), and this increase in TGF-b1 concentrations was significantly attenuated by the addition of CCR2 inhibitor (Po0.05) (Figure 4) . Second, the role of the MCP-1/CCR2 system in HG-induced TGF-b1 levels was examined. Compared with NG media, the concentrations of TGF-b1 were significantly higher in HG-conditioned media (2.06±0.08 vs 3.34±0.21 ng/ml, Po0.05), and this HG-induced increase in TGF-b1 levels was significantly abrogated by the administration of CCR2 inhibitor (Po0.05) (Figure 4 ). These findings indicated that HG increased TGFb1 concentrations in cultured HPMCs via the MCP-1/CCR2 system. On the other hand, there was no significant change in TGF-b1 levels in mannitol-conditioned media (Figure 4 ).
TGF-b1 and MCP-1 Induce EMT and Fibronectin
Expression in HPMCs Partly Via the MCP-1/CCR2 System and the TGF-b1 Pathway, Respectively Next, we clarified whether the MCP-1/CCR2 system and the TGF-b1 pathway are involved in TGF-b1-and MCP-1-induced EMT and fibronectin expression, respectively. The administration of 2 ng/ml TGF-b1 significantly increased the protein expression of Snail, a-SMA, and fibronectin in HPMCs and significantly decreased E-cadherin protein expression, and these changes were significantly attenuated by the inhibition of the MCP-1/CCR2 system with RS102895 (Po0.01 or Po0.05) ( Figure 5 ). MCP-1-induced EMT and fibronectin expression were significantly abrogated by the administration of TGF-b1 neutralizing antibody (Po0.01 or Po0.05) ( Figure 5 ). These findings suggested that the TGFb1-induced EMT and fibronectin expression partly via MCP-1/CCR2 system, while MCP-1-induced EMT and fibronectin expression were partly mediated by the TGF-b1 pathway.
MCP-1 Expression is Increased in the Peritoneum in a PD Rat Model
To explore whether MCP-1 was induced in the peritoneum in an animal model of PD, peritoneal MCP-1 expression was assessed by western blot and immunohistochemical staining. As seen in Figure 6a , peritoneal MCP-1 expression was sig- Figure 2 (a) Snail, E-cadherin, a-SMA, and fibronectin protein expression in HPMCs exposed to 5.6 mM glucose (NG), NG þ 94.4 mM mannitol (NG þ M), NG þ CCR2 inhibitor (10 mM RS102895) (NG þ CCR2i), NG þ 10 ng/ml MCP-1 (NG þ MCP-1), NG þ MCP-1 þ CCR2i, 100 mM glucose (HG), or HG þ CCR2i (a representative of five western blots). MCP-1 increased Snail, a-SMA, and fibronectin and significantly decreased E-cadherin protein expression in HPMCs, and these changes were significantly abrogated by CCR2 inhibitor treatment. HG also significantly increased Snail, a-SMA, and fibronectin and significantly decreased E-cadherin protein expression in HPMCs, which were significantly ameliorated by CCR2 inhibitor. *Po0.05 vs NG, # Po0.05 vs nificantly increased in rats treated with PD solution compared with C rats (Po0.05), while there was no significant difference in CCR2 protein expression among the groups.
The levels of MCP-1 were also significantly higher in the dialysate from rats treated with PD solution (1.25±0.14 vs 8.54±1.01 ng/ml, Po0.001). Immunohistochemical staining revealed that the cells responsible for the increase in MCP-1 were fibroblast-like cells and infiltrated inflammatory cells (Figure 6b ).
mMCP-1 Lentivirus Inhibits the Peritoneal EMT and ECM Accumulation in a PD Rat Model
Finally, the impact of the MCP-1/CCR2 system on peritoneal EMT and ECM accumulation was explored in a PD rat model. Snail, a-SMA, and fibronectin protein expression was significantly higher, while E-cadherin protein expression was significantly lower in rats treated with PD solution compared with C rats, and these changes were significantly attenuated by MCP-1 inhibition using a lentivirus system (Po0.01 or Po0.05) (Figure 7a ). In contrast, LV-empty had no effect on EMT and fibronectin protein expression in PD rats. Masson's trichrome staining and immunohistochemical staining of the peritoneum also revealed that EMT and fibronectin protein expression were significantly higher and submesothelial layer was significantly thicker in rats treated with PD solution relative to C rats, and LV-mMCP-1 significantly abrogated EMT and ECM accumulation in PD rats (Figure 7b ). These findings indicated that PD-related EMT and PF were mediated by the MCP-1/CCR2 system.
DISCUSSION
EMT of PMCs has been implicated as a basic mechanism in the pathogenesis of PF, which is one of the most serious complications of long-term CAPD, leading to membrane failure. 2 In addition, TGF-b1 has been shown to be a key cytokine involved in the process of EMT. 26, 27 In this study, we showed for the first time that the MCP-1/CCR2 system was directly involved in PD-related EMT of PMCs and ECM accumulation. Moreover, we demonstrated that these effects of the MCP-1/CCR2 system were mediated, at least in part, by TGF-b1. EMT is a complex and generally reversible process that has an important role in embryogenesis, 28 metastasis of malignant cells, 29 and renal fibrosis. 30 A number of recent studies have demonstrated that PMCs also undergo EMT during PD, leading to PF. 4, 26, 27 In the past, resident peritoneal fibroblasts and infiltrating inflammatory cells were considered to be responsible for PF, 6 but Yanez-Mo et al 4 were the first to show that PMCs underwent a transition from an epithelial phenotype to a mesenchymal phenotype soon after dialysis was initiated and that this was associated with a decrease in the expression of cytokeratins and E-cadherin, suggesting that these cells might also contribute to structural changes during PD. Consistent with most previous studies, the results of this study also showed that E-cadherin expression was decreased, while a-SMA expression was increased in HPMCs exposed to HG and in the peritoneum of rats instilled with PD solution, suggesting that PMCs underwent EMT in our in vitro and in vivo experimental models.
Besides its pivotal role in the recruitment and activation of monocytes/macrophages, several recent studies have shown that MCP-1 per se has a direct effect on cell biology. MCP-1 directly increased fibronectin production in cultured mesangial cells. 17, 19 Recently, we also found that MCP-1 directly induced podocyte apoptosis. 18 In addition, MCP-1 itself induced intercellular adhesion molecule-1 and fibronectin expression in cultured mesangial cells. 14 Moreover, some investigators have provided evidence that MCP-1 may be directly involved in ECM synthesis using animal models of experimental glomerulonephritis 15 and diabetic nephropathy. 16 These findings suggested the possible direct involvement of the MCP-1/CCR2 system in the pathogenesis of PF, which has never been elucidated. In the present study, 
we found that MCP-1 per se increased fibronectin expression in cultured HPMCs and that HG-induced fibronectin expression was abrogated by the inhibition of the MCP-1/ CCR2 system. The results of this study also demonstrated that PF was ameliorated in rats on PD by lentivirus-mediated mMCP-1 gene transfer into the peritoneum. On the other hand, even though mMCP-1 was known to competitively inhibit MCP-1 action but not the expression of MCP-1, 24 the results of this study showed that MCP-1 protein expression was somewhat decreased in PD rats treated with mMCP-1-expressing lentivirus. Furthermore, CCR2 protein expression was observed to be slightly increased in PD rats in spite of no significant changes in HG-stimulated HPMCs. Even though it is not clear whether these in vivo consequences are attributed to reduced infiltration of monocytes/macrophages, which express MCP-1 as well as CCR2 and is known to release profibrotic cytokines such as TGF-b1 and to control ECM turnover by regulating the balance of various matrix metalloproteinases and tissue inhibitors of matrix metalloproteinases, 31 or to the impairment of the direct effect of MCP-1 on PMCs, considering the results of our in vitro study, we surmise that the MCP-1/CCR2 system has a direct and pivotal role in ECM accumulation in PD-related PF. Further studies using macrophage-depleted animal or methods to inhibit/control chemotactic property of MCP-1 will be needed to clarify the direct in vivo effect of MCP-1 on the peritoneum. On the other hand, MCP-1 levels in the dialysate of PD rats were significantly higher than those of the previous studies, [32] [33] [34] which ranged from 0.15 to 1.7 ng/ml. We inferred that the divergence of the concentrations of MCP-1 might be attributed to different experimental animals (Wistar rats vs Sprague Dawley rats) and conditions such as the sampling time of the dialysate, study duration, and the amount of infused dialysate. In contrast to most previous studies, which used 2-to 30-min washed sample of abdominal cavity or 90-min indwelled dialysate, at least 6-h indwelled dialysate was used in the current study. Therefore, MCP-1 levels could be much higher due to more concentrated dialysate and more secreted MCP-1 from the peritoneum.
In terms of EMT, no previous study has provided direct evidence that MCP-1 per se induces EMT in any cell type. However, Soria et al 35 suggested an association between Figure 4 TGF-b1 levels in conditioned media of HPMCs exposed to 5.6 mM glucose (NG), NG þ 94.4 mM mannitol (NG þ M), NG þ CCR2 inhibitor (10 mM RS102895) (NG þ CCR2i), NG þ 10 ng/ml MCP-1 (NG þ MCP-1), NG þ MCP-1 þ CCR2i, 100 mM glucose (HG), or HG þ CCR2i. MCP-1 and HG significantly increased TGF-b1 concentrations in conditioned media, and these MCP-1-and HG-induced increases in TGF-b1 levels were significantly abrogated by CCR2 inhibitor treatment. *Po0.05 vs NG, # Po0.05 vs NG þ MCP-1 or HG. Figure 5 Snail, E-cadherin, a-SMA, and fibronectin protein expression in HPMCs exposed to 5.6 mM glucose (NG), NG þ CCR2 inhibitor (10 mM RS102895) (NG þ CCR2i), NG þ 25 mg/ml TGF-b1 neutralizing antibody (NG þ TGF-b Ab), NG þ 2 ng/ml TGF-b1 (NG þ TGF-b1), NG þ TGF-b1 þ CCR2i, NG þ 10 ng/ml MCP-1 (NG þ MCP-1), or NG þ MCP-1 þ TGF-b Ab (a representative of five western blots). TGF-b1 significantly increased Snail, a-SMA, and fibronectin and significantly decreased E-cadherin protein expression in HPMCs compared with NG cells, and these changes were significantly attenuated with CCR2 inhibitor treatment. The protein expression of Snail and fibronectin was also significantly higher, while the ratios of E-cadherin/a-SMA were significantly lower in MCP-1-stimulated HPMCs than in NG cells, and these effects were significantly abrogated by anti-TGF-b1 antibody. 
MCP1 and peritoneal fibrosis
SH Lee et al inflammatory mediators and EMT in breast cancer cells. They found that the expression of MCP-1 was related to TNF-a and IL-1b expression and that the continuous stimulation of breast tumor cells by TNF-a and IL-1b led these cells to undergo EMT. In the present study, we demonstrated for the first time that MCP-1 directly decreased E-cadherin expression and increased the expression of a-SMA in cultured HPMCs and that inhibition of the MCP-1/CCR2 system attenuated these changes in HG-stimulated HPMCs. In addition, EMT was inhibited by intraperitoneal administration of mMCP-1 in rats on PD. Taken together, the results of this study suggest that the MCP-1/CCR2 system is involved in the process of ECM accumulation in PD-related PF by inducing PMCs to undergo EMT. Previous studies have shown that there is an intrinsic regulatory loop between the MCP-1/CCR2 system and the TGF-b1 pathway. Schneider et al 20 found that an increase in TGF-b1 expression in glomeruli isolated from rats with experimental glomerulonephritis was abrogated by the neutralization of MCP-1. The increase in glomerular TGFb1 expression in a model of glomerular immune injury was also inhibited by the administration of anti-MCP-1 antiserum even in the isolated perfused kidney, which was performed to minimize infiltrating inflammatory cells. 21 In addition, a close interaction between TGF-b1 and MCP-1 has also been identified in vitro in cultured mesangial cells and podocytes. 17, 22 Based on these findings, we hypothesized that the impact of the MCP-1/ CCR2 system on EMT of PMCs and ECM accumulation synthesis was associated with the TGF-b1 pathway. In the present study, MCP-1 directly increased TGF-b1 production in cultured HPMCs and MCP-1-induced EMT and fibronectin expression were ameliorated by anti-TGF-b1 antibody. Moreover, HG-induced EMT and ECM accumulation were attenuated by MCP-1/CCR2 inhibition both in vitro and in vivo, along with reduced TGF-b1 Figure 6 (a) MCP-1 and CCR2 protein expression in the peritoneum samples from control (C), C þ empty lentivirus (C þ LV-empty), C þ lentivirus vector containing mMCP-1 (C þ LV-mMCP-1), PD, PD þ LV-empty, and PD þ LV-mMCP-1 rats (a representative of five western blots). Peritoneal MCP-1 expression was significantly increased in rats treated with PD solution compared with C rats, while there was no significant difference in CCR2 protein expression among the groups. (b) Immunohistochemical staining for MCP-1 in the peritoneum samples from control (C) and PD rats. In control rats, the staining for MCP-1 protein was weak and mainly localized in peritoneal mesothelial cells, while fibroblast-like cells and infiltrated inflammatory cells (arrow heads) were responsible for the increase in MCP-1 staining in PD rats ( Â 200 and 400). *Po0.05 vs C rats. Figure 7 (a) Snail, E-cadherin, a-SMA, and fibronectin protein expression in the peritoneum of control (C), C þ empty lentivirus (C þ LV-empty), C þ lentivirus vector containing mMCP-1 (C þ LV-mMCP-1), PD, PD þ LV-empty, and PD þ LV-mMCP-1 rats (a representative of five western blots). Snail, a-SMA, and fibronectin protein expression was significantly increased, while E-cadherin protein expression was significantly decreased in rats treated with PD solution compared with C rats, and these changes were significantly attenuated by LV-mMCP-1 but not by LV-empty. *Po0.05 vs C, # Po0.05 vs PD, fibronectin in the peritoneum samples from control (C), C þ empty lentivirus (C þ LV-empty), C þ lentivirus vector containing mMCP-1 (C þ LV-mMCP-1), PD, PD þ LV-empty, and PD þ LV-mMCP-1 rats ( Â 200). Peritoneal fibrosis assessed by Masson's trichrome staining was significantly worse in PD rats than in C rats, and the extent of peritoneal fibrosis was significantly reduced by LV-mMCP-1 treatment. The intensity of E-cadherin staining was significantly lower, while a-SMA and fibronectin staining intensities were significantly higher in PD compared with C rats, and LV-mMCP-1 treatment significantly abrogated these changes in PD rats. *Po0.01 vs C, # Po0.05 vs PD, $ Po0.001 vs C, w Po0.01 vs PD.
production. As aforementioned, since TGF-b1 is the principal mediator of EMT, our results strongly suggest that the MCP-1/CCR2 system mediates PD-related EMT of PMCs and PF partly via the TGF-b1 pathway (Figure 8 ).
To inhibit the MCP-1/CCR2 system, two different methods were used in the present study; mMCP-1, an N-terminal deletion mutant of the human MCP-1 gene (7ND), 24 and RS102895, which is a specific chemical inhibitor of CCR2 and does not affect chemotaxis or postreceptor signaling of any kind, were used. However, RS102895 was used only in the in vitro but not in the in vivo experiments for several reasons. First, there was little information on the pharmacokinetics of intraperitoneally administered RS102895 and the recommended dose for intraperitoneal RS102895. Second, the expense of the total amount of RS102895 required for 4-week oral use in rats was not affordable. Third, intraperitoneal gene delivery with viral vector has been demonstrated to be efficient in previous studies. 8, 36 Fourth, we also have already set up the lentiviral delivery system successfully. 37 In the current study, therefore, the in vivo experiments were performed using only mMCP-1 lentivirus.
In summary, MCP-1 directly decreased E-cadherin expression and increased a-SMA and fibronectin expression via CCR2 in HPMCs, and the MCP-1/CCR2 system was involved in PD-related EMT and ECM accumulation via the TGF-b1 pathway. These findings suggest that MCP-1 may act as a mediator of EMT as well as a profibrogenic cytokine in PMCs in addition to its role as an important mediator of monocyte recruitment.
